Multiwalled boron nitride nanotubes (BNNTs) were compressed at room temperature in diamond anvil cells up to 35 GPa, followed by decompression. For the first time, in situ infrared absorption spectroscopy was used to monitor BNNT structural transformations. These BNNTs were found to undergo pressure-induced transformations from a hexagonal to a more closely packed wurtzite structure at 11 GPa, which is similar to that exhibited by bulk hexagonal BN (h-BN) . However, when BNNTs are compressed, they exhibit quantitative differences compared with bulk h-BN in terms of transformation completeness and reversibility. Our findings provide unambiguous evidence that sp 3 bondings that form in significantly different yields originated from different morphologies of the starting BN materials. The unique transformation mechanism proposed for BNNTs provides new information for developing BNNTs as potential advanced materials with more desirable properties than those of carbon nanotubes.
Introduction
Structurally similar to graphite, layered hexagonal boron nitride (h-BN) has important technological applications in the materials industry, especially as a lubricant under extreme conditions. 1 In more recent years, its nanostructured counterpart, boron nitride nanotube (BNNTs), which are formed by rolling a single sheet of h-BN into a cylinder, have attracted significant interest. 2 First theoretically predicted 3 and subsequently synthesized, 4 BNNTs were found to exhibit unique properties that are significantly different from their isoelectronic analogue, carbon nanotubes (CNTs). For instance, BNNTs have an insulating nature with a large and structure-independent band gap of >5.5 eV, 5 which is in strong contrast to metallic or semiconducting CNTs whose electronic properties critically depend on tube diameter and chirality. In addition, BNNTs have enhanced thermal stability, 6 high resistance to oxidation at high temperatures, 7 high thermal conductivity, 8 and remarkable yield strength (Young's modulus ∼1.2 TPa). 9 These attractive chemical, physical, and mechanical properties make BNNTs an extremely promising advanced material that could be used for a wide range of applications, such as spacecraft coatings, 10 photoluminescence devices, 11 piezoelectric materials, 12 and optoelectronic devices. 13 Despite the great promise of BNNTs for practical applications, our knowledge of their structure-property relationship is still limited. An important approach for structure modification is to subject materials to extreme conditions, such as high pressure, followed by in situ structural characterization and subsequent property evaluations. Investigations of the structural and phase transformations of nanomaterials under high pressure are receiving greater attention [14] [15] [16] [17] [18] [19] [20] simply because, in addition to composition and synthetic routes, pressure provides an additional effective driving force to tune the structures and thus properties of the nanostructured materials. 21 The most interesting aspect is the observation that nanomaterials behave quite differently than their corresponding bulk counterparts under pressure. For example, CdSe 14, 15 and TiO 2 19 have specific size-dependent phase transformations that greatly enhance the opportunities for producing new structures. In addition, morphology can play an important tuning role in pressure-induced transformations in these nanostructured materials. For instance, different morphologies of ZnS were found to have strikingly different phase stabilities when compressed. 18 These examples demonstrate that pressure can drastically alter the structures and stabilities of nanomaterials and that these pressure responses can be substantially different than those for bulk materials.
Transformations involving compressed bulk h-BN have recently been investigated both experimentally 22 and theoretically. 23 It has been well-established that, under high pressure and temperature, bulk h-BN can be converted to a more closely packed wurtzite structure (w-BN) 24 or to a dense cubic structure (c-BN), 25 depending on the P-T conditions. Structurally similar to c-BN with almost identical compressibility, w-BN is believed to be a metastable phase. 26 Particularly intriguing is the surprising superhardness (i.e., harder than natural diamond) recently predicted for w-BN, which is similar to that for lonsdaleite (hexagonal diamond). 23 However, very few highpressure studies of BNNTs have been reported, [27] [28] [29] in contrast to the numerous investigations of CNTs under high pressure, for which Raman spectroscopy was used as the most effective characterization probe. 30 More importantly, because of the close proximity of the extremely intense T 2g mode (1334 cm -1 ) of diamond to the major Raman mode (E 2g ) of BNNTs (∼1367 cm -1 ), 27, 28, 31, 32 monitoring pressure-induced transformations in diamond anvil cells (DACs) by Raman spectroscopy is, therefore, subject to some ambiguity. As a result, the Raman measurements on the transformation of BNNTs lead to conclusions that are inconsistent with the later X-ray diffraction measurements by the same research group. 27 In addition, depending on their synthetic route and final composition, BNNTs often produce a strong fluorescent background, which makes Raman measurements on a single mode very difficult and less reliable. Moreover, Raman intensity critically depends on excitation power and polarization, sample orientation, exposure time, detector sensitivity and stability, as well as many other factors, which makes Raman a less desirable quantitative probe. In situ infrared (IR) measurements, in contrast provide not only supplementary but also more quantitative and sometimes critical information than Raman spectroscopy. Nanostructured BN at ambient pressures has been characterized by several groups. [32] [33] [34] [35] However, in situ high-pressure IR measurements have been sparse. Here, we report the first in situ IR measurements on BNNTs in comparison with bulk h-BN, which provide new and quantitative evidence for pressure-induced transformation of BNNTs.
Experimental Section
Multiwalled (MW) BNNTs (purity 99.5%) purchased from NanoAmor Inc. and h-BN (purity 99.5%) purchased from Alfa Aesar were used without further processing. Morphology analysis by transmission electron microscopy (TEM) showed that the BNNTs had an inner diameter of 10-40 nm and an outer diameter of 30-100 nm (Figure 1, inset) . The number of walls was estimated to be 10 or more. The sample was loaded into a DAC equipped with type II diamonds with a culet size of 300 μm. KBr was used as a pressure-transmitting medium and sample diluter to avoid IR absorption saturation. The sample was ∼150 μm in diameter and ∼35 μm thick. A few Rudy chips were inserted as a pressure calibrant.
A customized IR microspectroscopy system was used for all room-temperature IR absorption measurements. Figure 1 shows the schematic diagram of the system. A commercial Fourier transform infrared (FTIR) spectrometer from Bruker Optics Inc. (model Vertex 80v) equipped with a Globar IR light source constituted the main component of the micro-IR system, which was operated under a vacuum of <5 mbar such that absorption by H 2 O and CO 2 was efficiently removed. A collimated IR beam of varying diameters set with apertures ranging from 0.25 to 8 mm was directed into a relay box through a KBr window on the spectrometer. The beam was then focused onto the sample in the DAC by an iris optics and 15× reflective objective lens with a numerical aperture of 0.4. The DAC on the sample XYZ precision stage was aligned with the aid of an optical microscope equipped with an objective lens with variable magnifications (0.75× to 3×) and a 20× eyepiece from Edmond Optics. The size of the IR beam was set to be identical to the entire sample size (e.g., ∼150 μm) by a series of iris apertures. The transmitted IR beam was collected using another identical reflective objective as the condenser and was directed to a midband mercury cadmium telluride (MCT) detector equipped with a ZnSe window that allows measurements in the spectral range of 600-12 000 cm . The customized spectroscopy system also allows IR measurements in the reflection mode using reflective optics via the optical path shown in Figure 1 . All measurements were undertaken in transmission (or absorption) mode. A resolution of 4 cm -1 and 512 scans were applied for each spectrum measurement, achieving an excellent signal-to-noise ratio. The reference spectrum, that is, the absorption of diamond anvils loaded with KBr but without any sample, was later divided as background from each sample spectrum to obtain the absorbance. Figure 2 shows the infrared absorption spectra for BNNTs and bulk h-BN under ambient pressure. In both spectra, two major IR bands are observed at slightly different frequencies, that is, 794 and 1380 cm -1 for BNNTs and 804 and 1377 cm
for bulk h-BN. These bands are characteristic of hexagonal BN with symmetries of A 2u and E 1u , respectively. 36 In addition to the similar IR frequencies between BNNTs and h-BN, a slightly more asymmetric E 1u mode was seen for the BNNTs, which The rest of the optics are purged using CO 2 -free dry air in closed boxes or frames. All major optical components are labeled. Those with "-R" and half mirror are for reflection measurements, whereas the rest are for transmission/absorption measurements. "Switch" refers to switchable mirrors for illumination purposes. "Mirror-T-R" is a mirror used to switch between transmission and reflection modes. "Mirror-F" is used to focus the IR signal to the detector.
can be deconvoluted with a shoulder peak at 1554 cm -1 because of the splitting between the longitudinal optical (LO) and transverse optical (TO) modes. This asymmetric profile manifested by the E 1u (LO) mode is believed to be endemic to BNNTs and is distinct from bulk h-BN, which is consistent with that observed by Borowiak-Palen 33 and Han. 34 However, the symmetric peak profile for the A 2u mode of BNNTs observed in the present study seems different from that observed in the above studies in that the band showed prominent asymmetry in Borowiak-Palen's research, whereas it was significantly broadened in Han's. Although MW-BNNTs are the subject materials in all these studies, detailed morphologies may differ due to the different synthetic routes and processing methods. Because of this and the different characterization conditions, therefore, detailed spectroscopic features may not be the same. For example, in IR measurements of BNNTs by Zhi et al., 32 frequencies of 820 and 1366 cm -1 were reported for the A 2u and E 1u (TO) modes, whereas Chen et al. 35 observed only a single symmetric band at 1367 cm -1 for hollow BN nanoribbons, both of which were significantly different from all other IR measurements on BNNTs. Even for bulk h-BN, for which IR measurements have been extensively conducted, different IR frequencies are still reported for different studies. Table 1 lists the results of typical IR measurements both for BNNTs and for bulk h-BN for comparison. In general, our measurements are consistent with the majority of others, which provides a reliable starting point for the investigation of pressure-induced transformations. In particular, the A 2u and E 1u modes correspond to the B-N stretch perpendicular and parallel to the tube axis for BNNTs or out-of-plane and in-plane vibrations for bulk h-BN, respectively. Their responses to compression will provide critical information about their structural and bonding changes. Figure 3 depicts the selected IR absorption spectra for BNNTs compressed to 22 GPa, followed by decompression. Clearly, the E 1u band shifts to higher frequencies, whereas the A 2u band shifts to red on compression. The pressure dependences of the IR frequencies are plotted in Figure 4 . As seen in Figure 3 , both A 2u and E 1u bands exhibit significant broadening upon compression. The broadenings with the asymmetric band profiles that change significantly under pressure are apparently associated with multiple highly convoluted components. Therefore, we monitored the pressure behavior of the entire band instead of the deconvolution to reduce arbitrariness. For example, we characterized the broadening of the entire A 2u band by its bandwidth, which was found to increase significantly from 58 cm -1 at ambient pressure to more than 150 cm -1 above 21 GPa, as indicated by the vertical bars in Figure 5 . Starting at 11.2 GPa, the broadening of the E 1u mode resulted in a further enhanced asymmetric band profile in which the third component can be seen in addition to the TO/LO bands. At this pressure, the most significant change in the IR absorption profile is the observation that a new band formed at 1125 cm -1 , which is a characteristic IR mode of w-BN (as will be discussed along with bulk h-BN). Upon further compression, the intensity of this band grew very gradually, indicating the sequential transformation of the hexagonal structure of BNNT to a wurtzite structure. However, even when compressed to 22 GPa, the A 2u and E 1u bands associated with the hexagonal structure remained as the dominant bands, suggesting that the transformation to w-BN was far from complete. When the pressure was released, the band associated with the wurtzite structure maintained its intensity, whereas the bands associated with the hexagonal structure showed no obvious change in intensity, except that the bandwidth of the A 2u mode almost reverted to its original level. These observations indicate that, once formed, the transformation of wurtzite structured BNNTs back to the hexagonal is irreversible. The incomplete transformation to w-BN motivated us to conduct several additional compressions to higher pressures. We found that even near 35 GPa, the transformation of BNNTs to the wurtzite structure was still very incomplete, as shown in Figure 3 . Although the band associated with w-BN becomes the dominant band, quantitative analysis indicates that about 30% of the BNNTs remained in the h-BN form ( Figure 5 ). Upon decompression from 35 GPa, the IR spectrum of the recovered BNNTs resembles that on decompression from 22 GPa in terms of the relative band intensities between the two structures. These observations indicate that, although higher compression pressure resulted in a more complete conversion to the wurtzite structure, this phase can be recovered at ambient pressure only with a relatively constant abundance, regardless of the compression pressure.
Results and Discussion
To understand the pressure-induced transformations observed in BNNTs, we also conducted comparative studies on bulk h-BN. To our knowledge, IR measurements on bulk h-BN at high pressures have not been reported previously. Figure 6 shows selected IR absorption spectra for bulk h-BN on compression to around 23 GPa, followed by decompression. In addition to the similar broadening, as observed for BNNTs, the A 2u mode exhibited more prominent splitting, which allowed deconvolution analysis. As seen in Figure 4 , the magnitude of the splitting increased with increasing pressure, with the lowfrequency branch significantly shifted to red. We note that the split magnitude is roughly consistent with the bandwidth of this mode for BNNTs below 11.4 GPa. In contrast, the E 1u mode for h-BN shifted to blue, similar to that for BNNTs. Dramatic changes were observed at 11.4 GPa: three new bands emerged at 890, 1095, and 1221 cm -1 . The middle band at 1095 cm
with strongest intensity can be assigned as the characteristic mode of w-BN, comparable to the band at 1125 cm -1 at similar pressures for BNNTs. However, the other two bands have not been reported before. Further compression from 11.4 GPa resulted in the diminishing of the band at 1221 cm -1 , along with the A 2u and E 1u modes of the h-BN structure, whereas the band at 890 cm -1 remained strong. At 23.5 GPa, only the bands originally at 1095 and 890 cm -1 were observed, whereas the A 2u and E 1u modes of the h-BN structure had negligible intensities only, indicating that bulk h-BN almost completely converted to w-BN at this pressure, which strongly contrasts what occurred for BNNTs. Upon decompression, the E 1u band gradually gained its intensity back along with the broad A 2u band. At near ambient pressure, the recovered bulk h-BN was composed of almost equal amounts of the two h-BN and w-BN structures, as indicated by the comparable intensities of the two characteristic bands. Again, the structural composition of recovered bulk h-BN is in contrast to that of the BNNTs, for which h-BN was the dominant phase. In addition, this finding indicates that the transformation of bulk h-BN to w-BN is partially reversible, which contradicts previous room-temperature Raman studies in which complete reversibility was claimed. 27, 28 Evidently, BNNTs and bulk h-BN are distinct from each other and exhibit significantly contrasting pressure responses that convey important structural and bonding information. To understand their different pressure behaviors, we attempted to address the pressure-induced structural changes of bulk h-BN first. Both h-BN (F ) 2.48 g/cm 3 ) and w-BN (F ) 3.46 g/cm 3 )sits denser formsbelong to a hexagonal crystal system, and their detailed crystal structures have been well-established. 24 The bonding patterns of the two forms are shown in Figure 6 . As seen, h-BN is composed of discrete layers of hexagons with alternating BN units connected by sp 2 hybrid bonds but no interlayer covalent interactions, similar to its isoelectronic analogue, graphite. However, a critical difference between BN and graphite is that BN takes the "eclipsed" conformation in which each boron atom is aligned with a nitrogen atom in adjacent layers. Graphite, however, crystallizes in "staggered" conformation with half the hexagon vertices aligned with vertices and the other half aligned with the centers of the hexagons in the adjacent layers. As a result, Mao et al. demonstrated that, upon compression of graphite, a superhard graphite phase was formed in which half the sp 2 bonds converted to sp 3 bonds. 37 In contrast, h-BN can be converted to a much denser w-BN structure via the planar-to-chair conformational transition such that each B-N pair between adjacent layers is 100% connected by sp 3 bonds, which is similar to the bonding patterns observed for cubic BN (c-BN). w-BN belongs to space group 186 (P6 3 mc, Z ) 2), and thus, the factor group analysis predicted that only A 1 and E 1 modes would be IR-active. Until now, the only data for the IR frequencies of these two bands were theoretical predictions, that is, 1001/1249 and 1041/1267 for A 1 (TO/LO) and E 1 (TO/LO), respectively. 38 Because of the extremely close frequencies between the two bands, it is not clear which symmetry the bands observed at 1095 and 1221 cm -1 at 11.4 GPa possess, although they are likely a TO/LO pair. The h-BN band seen at 890 cm -1 is a new observation and remains to be explained. One possibility is that, because compression results in a strong lattice distortion, the symmetry of the wurtzite structure is no longer strictly hexagonal. As a result, the E 2 mode, which is originally Raman-active only, becomes IR active. This mode was calculated to occur at 938 cm -1 in the IR reflectance spectrum. 38 Interestingly, a weak band at a similar frequency, that is, 920 cm -1 , was also observed for BNNT Raman measurements by Zhi et al. 32 This was believed to originate from lattice distortion as well, which is analogous to the disorder-induced D band for CNTs. 28 Using inelastic X-ray scattering (IXS), Meng et al. 22 characterized the bonding changes in compressed h-BN. The structural transformations and bonding changes we observed for bulk h-BN using IR spectroscopy are consistent with those measured by IXS. In addition, our IR data also agree with Raman studies undertaken by Saha et al. 27, 28 These results are listed in Table 2 . As seen, the transformation pressures determined by different studies are in the range of 11-14 GPa, with reasonable agreement. However, the reversibility remains an open issue. Although this issue was not addressed in the IXS study, 22 Raman studies suggest that the transformation of bulk h-BN is completely reversible. We noticed that the Raman measurements relied primarily on a single weak mode (E 2g ) in close vicinity to the overwhelming T 2g mode of diamonds. However, the IR measurements in the present study have the advantage of the quantitative nature of IR absorption of the multiple characteristic modes that are active in both h-BN and w-BN. This permitted the unambiguous characterization of the partial reversibility of the structural transformations and bonding changes. Furthermore, a recent X-ray diffraction study of MWBNNTs 29 yielded high-pressure behaviors that contradicted previous Raman measurements as well.
The major difference in the pressure responses between BNNTs and bulk h-BN is the completeness of the transformation. Even at over 35 GPa, the h-BN structure remains prominent in BNNTs, whereas bulk h-BN converts completely to w-BN at 23 GPa. This difference, together with other spectroscopic features, can be understood from the topological and mechanical aspects of BNNT nanostructures. MW-BNNTs are formed by wrapping hexagonal BN sheets into concentric cylinders, similar to the formation of MW-CNTs. The similar spectroscopic features of bulk h-BN and BNNTs, including Raman scattering and IR absorption, indicated that the walls of BNNTs are aligned in a similar way to the layers of bulk h-BN. If the diagonal length (or parallel edge distance) of each hexagon in h-BN is considered to be 2.891 Å (or 2.504 Å), the narrowest tube in this study, with an inner diameter of 10 nm, can be estimated to be formed by wrapping 109 to 125 hexagons. The difference in IR absorption profile and band frequencies could be due to the actual wall curvatures and/or the slightly displaced alignment between the walls compared to the near perfectly aligned layers in bulk h-BN. Upon compression, it is highly likely that the tubes first form bundles characterized by very short intertubular distances, as observed for CNTs. 21, 30 When the pressure is high enough (e.g., 11 GPa), sp 3 bonds are formed first between the tubes within the bundles. Above 20 GPa, the formation of sp 3 between the tubes is saturated and further compression results in cross-linking between the walls by sp 3 bonds within the tube. However, such a linkage that requires the deformation and/or displacement of the walls is much more limited than the very complete intertubular linking because of the intrinsic mechanical strength of BNNTs. As a result, the two phases can coexist at much higher pressure in BNNTs than in h-BN. Such a transformation sequence is analogues of the preferential orders of inter-and intramolecular responses to compression. Upon decompression, the intratubular sp 3 bonds revert, first, as the result of stress release, whereas some of the intertubular sp 3 bonds survive, resulting in the recovery of h-BN as the major phase in the mixture.
Golberg et al. recently measured the elastic deformations of individual MW-BNNTs using integrated TEM-atomic force microscopy (AFM). 39 It was found that BNNTs survive at very large bending angles corresponding to the elastic moduli of 0.6 TPa and the elastic deformation is entirely reversible with no traces of residue. The pressure-induced transformation sequence proposed here is, therefore, also consistent with the investigated mechanical strength of BNNTs. Furthermore, such a proposed transformation mechanism can be substantiated by the detailed spectroscopic features observed in the IR measurements. Below 12 GPa, the A 2u mode associated with the B-N stretch normal to the tube axis (or along the direction of the sp 3 bond formation between the walls) exhibited a soft behavior as a precursor to the structural transition for both h-BN and BNNTs. The significantly different band profile between the two morphologies suggests that there is a different microscopic environment under stress. For instance, the BNNT mode had a much less sensitive pressure dependence (with a pressure coefficient of -2.5 cm -1 /GPa) than that for bulk h-BN (-8.7 cm -1 /GPa) below the transition pressure (Figure 4) . Above 12 GPa, this mode entered an extended plateau region to 35 GPa, indicating a strong "resistance" to compression. Prominent band broadening at high pressures could be interpreted as sequential crosslinking between the walls of nanotubes in which the uniformity and spatial distribution of the sp 3 connections between the walls contribute to the bandwidths. Furthermore, the multiple frequencies from the convoluted BNNT E 1u mode are markedly different from those for bulk h-BN, which had a significantly different band profile. This is consistent with the finding that the BNNT wurtzite structure may be contributed by both the inter-and the intratubular linking, whereas the bulk h-BN structure arose only from interlayer linking. The abundance ratio of w-BN to h-BN (Figure 4 ) along the BNNT transitions provided a possible estimate of the threshold pressure above which intratubular linking becomes significant. That is, the second region of [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] GPa likely corresponds to intertubular linking, whereas in the third region above 20 GPa, intratubular linking might play a major role in the conversion to a wurtzite structure. These observations strongly support the different mechanisms of sp 3 bonding formation between the two BN materials. Additional theoretical investigations on high-pressure structures and MW-BNNT bonding patterns would be helpful for understanding the detailed transformation process. Further in situ structural investigations, such as synchrotron X-ray diffraction and inelastic X-ray scattering, 22 would provide new experimental insight into the proposed transformation mechanism.
Finally, because BN and graphite are isoelectronic, it would be interesting to compare the pressure behavior of BNNTs with that for CNTs, which have been studied extensively under high pressures, both experimentally and theoretically.
30 Table 2 lists representative experimental high-pressure studies of CNTs 30, 40 and BNNTs together with the corresponding bulk materials. 22, 37 Using Raman spectroscopy, CNTs were found to have a reversible pressure-induced anomaly at 2 GPa, which is characterized by the discontinuous reduction of the Raman intensity. 30 Theoretical studies interpret this anomaly as deformations of the circular nanotubes. 41, 42 In addition, the transformations were found to depend on tube diameter, chirality, and choice of transmitting media, as well as many other factors, especially those associated with the synthesis process. 21 Highpressure studies of MW-CNTs suggest that their behaviors also depend on the intrinsic parameters, such as the diameter and wall thickness of the tube. However, structural evolutions characterized by the tangential mode show substantially less pressure dependence, indicating that MW-CNTs have a more elastic nature than SW-CNTs. Interestingly, BNNTs similarly seem to exhibit more enhanced elasticity than does bulk h-BN, as evidenced by the fairly pressure-independent A 2u mode and its significant resistance to compression above 20 GPa. Although SW-BNNTs are difficult to obtain experimentally, theoretical calculations have predicted that the mechanical stiffness of BNNTs is comparable with that of CNTs. For example, it has been shown that, although SW-BNNTs have a lower elastic modulus, the ability of BNNTs to resist yield and thermal degradation exceeds that of CNTs. 43 Thus, the combined mechanical and chemical properties of BNNTs make them a highly promising advanced material that may replace CNTs for many unique applications. 
